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Abstract 
We recently demonstrated that the ~ subunit in soluble F~-ATPase from Escherichia coli rotates relative to surrounding 13 subunits 
during catalytic turnover (Duncan et al. (1995) Proc. Natl. Acad. Sci. USA 92, 10964-10968). Here, we extend our studies to the more 
physiologically relevant membrane-bound FoF ] complex. It is shown that 13D380C-F I, containing a [3-~/ intersubunit disulfide bond, can 
bind to F~-depleted membranes and can restore coupled membrane activities upon reduction of the disulfide. Using a dissociation/recon- 
stitution approach with crosslinked 13D380C-F t, 13 subunits containing an N-terminal Flag epitope ([3nag) were incorporated into the two 
non-crosslinked [3 positions and the hybrid F l was reconstituted with membrane-bound F 0. Following reduction and ATP hydrolysis, 
reoxidation resulted in a significant amount of crosslinking of [3nag to the ",/ subunit. This demonstrates that ~ rotates within Fj during 
catalytic turnover by membrane-bound F0F v Furthermore, the rotation of ~/ is functionally coupled to F o, since preincubation with DCCD 
to modify F o blocked rotation. 
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1. Introduction 
FoFj-ATP synthases are found embedded in the mem- 
branes of mitochondria, chloroplasts, and bacteria, and are 
structurally and functionally conserved among species. 
During oxidative- and photo-phosphorylation, FoFI-ATP 
synthases couple the movement of protons down an elec- 
trochemical gradient to the synthesis of ATP. The F o 
sector is composed of membrane-spanning subunits that 
conduct protons across the membrane, whereas the F~ 
sector is an extrinsic, multisubunit complex that contains 
the catalytic sites for ATP synthesis and hydrolysis. F] can 
be removed from the membrane in a soluble form which 
functions only as an ATPase. Rebinding soluble Fj to F 0 in 
Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; DTNB, 5,5'- 
dithiobis(2-nitrobenzoate); DTT, dithiothreitol; FCCP, carbonyl cyanide 
p-trifluoromethyoxyphenylhydrazone; acridine orange, 3,6-bis(dimethyl- 
amino)acridine. 
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F~-depleted membranes can restore the capacity to catalyze 
net ATP synthesis. Fj has a stoichiometry of a3133"y~e, in 
which a hexamer of alternating a and 13 subunits sur- 
rounds the central ~/subunit. The three catalytic sites of F~ 
are located mainly on the 13 subunits at a/13 interfaces 
(see Refs. [1-3] for recent reviews; Ref. [4] for X-ray 
structure of bovine F t). 
A model for energy coupling by F0F ~, called the bind- 
ing change mechanism, has three main features [5]: (1) the 
primary use of energy supplied by proton translocation 
through F 0 is not to make ATP, but rather to promote its 
release from a high affinity catalytic site where it forms 
spontaneously [6]; (2) energy-linked tight binding of sub- 
strates and release of product occur simultaneously at 
separate but interacting catalytic sites [7]; and (3) the 
binding changes required for catalysis are driven by the 
rotational movement of a complex of subunits extending 
through F0F ~ [8]. It is thought hat rotation of the ~/subunit 
in F~ deforms the catalytic sites to give the binding changes, 
whereas rotation of subunits within F 0 is required for 
completion of a pathway for protons through the mem- 
brane. 
E Zhou et al. / Biochimica et Biophysica Acre 12 75 (1996) 96-100 97 
The first two features of the binding change mechanism 
are well supported and widely accepted. Recently, we 
provided evidence supporting the third feature [9,10]. 
Guided by a high-resolution structure for bovine Fj [4], 
Cys was substituted at various points in a 13-subunit se- 
quence (1338°DELSEED 386 in Escherichia coli F L) that 
makes contact with a segment of the ~/ subunit that 
contains a native Cys ("yC87 in E. coli F]). We found that 
the 13D380C substitution allowed rapid and specific cross- 
linking of [3 to ~/ through a disulfide bond in both mem- 
brane-bound F0F ] [9] and soluble F 1 [10]. Crosslinking of 
[3 to ~ was concomitant with inactivation of ATP hydroly- 
sis and ATP-driven proton translocation [9,10]. Using a 
dissociation/reconstitution approach with crosslinked 
13D380C-F 1, we incorporated radiolabeled 13 subunits 
specifically into the two non-crosslinked 13positions of F~. 
After reduction of the crosslink and catalytic turnover, 
unlabeled and radiolabeled [3subunits in hybrid F~ showed 
a similar capacity to form a disulfide bond with the ~/ 
subunit [10]. These results indicate that, in soluble F~, the 
~/subunit rotates relative to the 13 subunits during catalytic 
turnover. 
In order to establish the physiological relevance of such 
rotations, we have extended our studies to membrane-bound 
F0F ~. Here we show that ATP hydrolysis by membrane- 
bound F0F j does indeed cause rotation of ~ relative to the 
13 subunits. Furthermore, the rotation of F~ subunits is 
shown to be blocked when F 0 is modified by DCCD. 
2. Addition of a Flag epitope-tag to the N-terminus of 
13 subunits 
To test for rotation of the single ~ subunit relative to 
the three 13 subunits, it is necessary to be able to differenti- 
ate the 13 subunit hat forms the initial crosslink to ~/ from 
the 13 subunits in the other two positions. Previously, we 
exchanged 35S-labeled 13D380C into the non-crosslinked 13 
positions [10]. Here, to achieve a more sensitive assay, we 
used a [3 subunit that contains a Flag epitope tag [11] 
inserted at the N-terminus (13flag). Anti-Flag monoclonal 
antibodies [12,13] were then used to detect he Flag-labeled 
protein. 
The Flag epitope was inserted after the start codon for 
the 13 subunit by a two-step mutagenesis procedure. First, 
an EcoRV site was introduced at the start of the uncD 
gene for 13 by a PCR-based mutagenesis method [14]. In 
the mutagenic primer (antisense to the unc operon, 5'- 
GACAATCTTTCCGATATCCATCTTAAATCCTC-3'), 
three base changes (underlined) created an EcoRV restric- 
tion site that is unique to our expression plasmid p3U [9]. 
Second, a cassette (coding strand, 5'-TACAAAGAC- 
GACGATGACAAGGCG-3') was ligated into the blunt 
EcoRV site to insert the sequence ncoding the Flag 
epitope. Plasmid with the correct orientation of the cassette 
was identified by DNA sequencing. The insertion of the 
flag cassette destroyed the EcoRV site and produced the 
N-terminal sequence MDYKDDDDKAIG (Flag epitope 
underlined), where 8 residues are inserted in addition to a 
change of the original 13Thr-2 to Ile. Purified 13nag-Fl 
reacted with antibody M2, which can recognize the Flag 
epitope at various positions within a protein [13]. How- 
ever, 13flag-Ft did not react with antibody M1 (data not 
shown), which recognizes the epitope only when it is 
located at the free amino-terminus [12]. This suggests that 
the N-terminal Met, which is removed from normal 13 [15], 
is not removed from 13nag" Mutant 13~aoD380C/~C87S 
was obtained by inserting the Flag cassette into 
p3U13D380C/~C87S [9] using the two-step rocedure de- 
scribed above. 
The Flag epitope at the N-terminus of 13 subunits does 
not have a measurable effect on the function of F~ in vivo 
or in vitro. E. coli strains expressing 13~l~,g-F] grow nor- 
mally in minimal medium with succinate as the sole 
carbon source, isolated membranes show normal levels of 
NADH- and ATP-driven proton pumping, and purified 
Table 1 
NADH- and ATP-driven proton translocation by reconstituted membranes 
Expt. Reconstituted membranes Fluorescence quenching (%) 
NADH-driven ATP-driven 
1 F I-depleted membranes + wild type-F t 92 76 
2 Fi-depleted membranes + [3D380C-F 1 87 70 
3 F I-depleted membranes + DTNB-treated 13D380C-F I 81 0 
4 F I-depleted membranes + DTNB- treated 13D380C-F I , reduced with DTT 89 54 
Fl-depleted membranes were prepared from JP17 [18] harboring pAUl [9] according to a published procedure [19], with two additional washes with TE 
buffer (10 mM Tris-HCl, pH 8.0, l mM EDTA). Purification and DTNB treatment of soluble F I were done as described [10]. Fi-depleted membranes (2
mg/ml) were incubated with F l (0.4 mg/ml) in TM-5 buffer (50 mM Tris-HC1, pH 7.5, 5 mM MgSO 4) at 30°C for 15 min. Free F I was removed by 
centrifuging at 100000 × g for 1 min. The membrane pellet was washed twice and resuspended with TM-5 buffer, and assayed for NADH- and 
ATP-driven proton translocation by monitoring fluorescence quenching of 5 p,M acridine orange [20] using 150-300 ixg of membrane protein in each 
assay. In Expt. 4, an aliquot of membranes reconstituted with DTNB-treated [3D380C-F l was reduced with 10 mM DTT for 2 min at 22°C before being 
assayed. For each experiment, he initial fluorescence intensity was set to 100%, and the value in the table represents the percentage decrease in 
fluorescence intensity after addition of NADH (0.5 mM) or ATP (1 raM). Data were from 2-4 experiments which gave consistent results. 
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13flagD380C/`/C87S-F l has ATPase activity within the 
normal range for wild-type enzyme preparations (data not 
shown). 
3. The 15-~ crosslink in 15D380C-F t does not prevent 
normal rebinding of F l to F 0 
In order to test for rotation of F] subunits during 
catalytic turnover of F0F ~, it was necessary to rebind 13-`/ 
crosslinked hybrid F l to Fcdepleted membranes. Previous 
studies suggested that this might present a problem. Disul- 
fide linkage of a to g in Fj was reported to interfere with 
rebinding of F I to F 0 [16], whereas an internal disulfide in 
the 8 subunit did not [17]. Hence, as a first step, the ability 
of 13-`/ crosslinked F~ to restore normal coupled functions 
to the proton-leaky F~-depleted membranes was tested. 
Purified 13D380C-F], with or without prior treatment with 
DTNB, was incubated with Fcdepleted membranes. As 
shown in Table 1, untreated 13D380C-F! restored both 
NADH-driven and ATP-driven proton translocation (Expt. 
2) to wild-type levels (Expt. 1). Crosslinked 13D380C-F 1
also restored NADH-driven proton translocation (Expt. 3), 
indicating that it bound properly to F 0 to block proton 
leakage. Furthermore, when this reconstituted complex 
was treated with DTT to reduce the 13-,/ crosslink, ATP- 
driven proton translocation (Expt. 4) and ATP hydrolysis 
(not shown) were restored. Finally, if the membranes 
described for Expt. 4 were subsequently incubated with 
DCCD, membrane ATPase activity and ATP-driven proton 
translocation were both inhibited (data not shown). These 
results demonstrate hat crosslinked 13D380C-F! can rebind 
to F 0 to form a functionally-coupled F0F 1 complex. 
4. Using hybrid F] to test for rotation of %, subunit 
relative to 13 subunits in membrane-bound FoF  t 
Previously, we showed that DTNB-treated 13D380C-F~ 
can be dissociated into subunits and reconstituted without 
breaking the 13-`/disulfide, thus allowing us to incorporate 
35S-labeled 13 subunits into the two non-crosslinked 13 
subunit positions of F~ [10]. In the experiments reported in 
Fig. 1, the same approach was used to incorporate 
13nagD380C subunits into the two non-crosslinked 13posi- 
tions of F I. Hybrid F~ was rebound to F]-depleted mem- 
branes, and excess soluble F~ was removed. To test for 
rotation, reconstituted membranes were reduced with DTT 
in the presence of various ligands, and reoxidized with 
DTNB. If no rotation occurs, `/C87 will reform a disulfide 
with the original 13 subunit. In contrast, if `/ has rotated, 
`/C87 will now be positioned to crosslink to 13nagD380C in 
some Fj molecules, resulting in the appearance of the Flag 
epitope in the 86-kDa 13-`/ band. Fig. 1 shows im- 
munoblot detection of 13flag using anti-flag M2 antibody. 
When reconstituted membranes were reduced and briefly 
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Fig. 1. Testing for rotation of the ",/-subunit relative to [3-subunits in
membrane-bound F0F I. Hybrid F t was reconstituted as described [10] 
from an equimolar mixture of two dissociated F I samples: 13D380C-F I 
containing a 13D380C-3,C87 disulfide bond, and 13nagD380C/~C87S-Fj. 
F I hybrids were rebound to Fcdepleted membranes and excess F~ 
removed as described in Table 1. Membranes were resuspended to = 4 
mg protein/ml in TM-5 buffer containing 1 IxM FCCP, 10 mM glucose, 
and 1 unit of hexokinase. The ATPase activity of reconstituted mem- 
branes (after complete reduction of an aliquot with 20 mM DTT) was 1.6 
(Ixmol min-I (mg protein) M), compared to 1.3 for native (Fj-replete) 
membranes. Following the specific additions noted below, membrane 
samples were incubated with 20 mM DTT at 22°C for 30 s, passed 
through a l-ml centrifuge column of Sephadex-G50-80 [21] to remove 
DTT, collected in a tube containing DTNB (0.2 mM final), and incubated 
at 22°C for 10 min. Specific incubation conditions: lane 1, hexokinase 
was omitted and ATP was added to 0.5 mM just before DTI'; lane 2, 
ADP and sodium azide (0.5 mM each, final) were added just before DTT; 
lane 3, no other additions before reduction with DTT; lane 4, Mg 2+ was 
omitted from the resuspension buffer. Hexokinase was included in sam- 
ples 2-4 to scavenge r sidual ATP, thus preventing any potential ATP 
hydrolysis by F~)F]. FCCP was present in all samples to prevent forma- 
tion of a transmembrane proton gradient. An aliquot of each final sample 
was added to gel sample buffer containing 2 mM N-ethylmaleimide 
instead of 2-mercaptoethanol. Six Ixg of membrane protein were loaded 
in each lane of a 4-15% gradient gel (Bio-Rad Ready gels). Bands 
containing the Flag epitope were detected colorimetrically b  Western 
blot analysis, using anti-Flag M2 antibody [13]K~> and a secondary 
antibody-alkaline phosphatase conjugate. 
exposed to conditions for ATP hydrolysis, a significant 
amount of 13nag was detected in the 86-kDa crosstinked 
band following reoxidation (Fig. 1, lane l). In contrast, 
when reduced membranes were exposed to buffer or to 
ligands that bind to the catalytic sites but do not allow 
catalytic turnover, little or no 13flag was detected in the 
86-kDa crosslinked band following reoxidation (Fig. 1, 
lanes 2-4).  These results indicate that the `/ subunit of 
F0F j rotates readily only during catalytic turnover. 
To quantitate the fraction of F~ in membrane-bound 
F0F ~ that participates in rotation under the conditions used, 
additional experiments were done using hybrid F l contain- 
ing 35S-labeled 13flagD380C in the two non-crosslinked 
positions. A non-crosslinked control (as in Ref. [10]) and 
the recovery of ATPase activity upon reduction were used 
to calculate the expected maximal value of 35S in the 
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Fig. 2. Quantitation of 35S-labeled 13 subunit in the 86-kDa 13-3' crosslink 
band of reconstituted membranes after reduction and reoxidation. The 
experiment of Fig. 1 was repeated using 35S-labeled 13n,gD380C/ 
3'C87S-Fj (3.104 cpm/Ixg Fi). 45-50 Ixg of membrane protein were 
loaded per lane to give the same amount of 35S (22000 cpm by liquid 
scintillation counting). Quantitation of 35S-containing bands was con- 
ducted with a Phosphorlmager (Model 425E, Molecular Dynamics) and 
ImageQuant software. The buffer control (lane 4 of Fig. 1) was replaced 
by a sample in which reconstituted membranes were treated with DCCD 
at 22°C for 30 min before ATP and DTT were added. In a control 
experiment, this treatment inhibited ATPase activity of native membranes 
by > 75%, but inhibited the activity of excess oluble F I by only 20%. 
Where indicated, ligand concentrations were: Mg 2+, 1 mM; ADP, 1 raM; 
ATP, 10 mM; azide, 0.5 mM; DCCD, 0.5 mM. All sample values were 
corrected for a small amount of 35S present in the 86-kDa band of a 
nonreduced control, as noted previously [10]. The amount of 35S in the 
86-kDa band of a noncrosslinked control was used as a measure of the 
maximum possible crosslinking of 3' to 35S-labeled 13 subunits within 
hybrid F~, after correcting for the statistical difference in 35S-13-subunit 
content for hybrid F~ reconstituted with or without an initial nonradioac- 
tive 13-3' crosslink (a factor of 0.8). Also, recovery of ATPase activity 
indicated only 80% reduction of the initial, nonradioactive crosslink after 
the 30-s exposure to DTT used in this experiment. The value for 35S in 
the 86-kDa band of the non-crosslinked control was corrected for this and 
set to 100% for comparison with the samples hown. The error bars 
represent the standard eviation for sample loading, based on quantitation 
of 35S-labeled 3'C87S and • subunits in each lane. 
86-kDa band, assuming that all three 13 subunits had an 
equal opportunity to crosslink to ",/. The calculated value 
was set to 100%. For crosslinked hybrid F~, reduction 
followed by catalytic turnover and reoxidation (Fig. 2, 
MgATP) yielded 27% of the maximal value for 35S in the 
86-kDa band. In contrast, when reconstituted membranes 
were reduced and exposed to ligands which bind to cat- 
alytic sites but do not allow catalytic turnover (Fig. 2, 
Mg 2÷ and MgADP/Azide), only 0.5 to 5% of the maxi- 
mal value was observed following reoxidation. These re- 
sults clearly indicate that ATP hydrolysis causes the ~/ 
subunit to rotate within the F0F ~ complex. The value of 
27% obtained after turnover conditions was lower than that 
obtained with soluble F~ [10]. This suggests that not all 
reduced, membrane-bound hybrid F~ was active during the 
30-s exposure to MgATP. 
The 'MgATP + DCCD' control in Fig. 2 was designed 
to test whether the observed rotation of 2t relative to 13 
subunits involves Ft molecules that are functionally cou- 
pled to F 0. Reconstituted membranes were treated with 
DCCD under conditions that modify the c subunits of F 0, 
but that only had a small effect on activity of unbound F~ 
in a control experiment. Reduction of DCCD-treated mem- 
branes followed by exposure to MgATP and reoxidation 
yielded only 3% of the maximal 35S possible in the 86-kDa 
band. Hence, modifying F 0 subunits with DCCD blocked 
rotation of F~ subunits, suggesting that rotation of ~/ within 
E~ is functionally coupled to F 0. This is consistent with 
earlier studies that demonstrated long-range conforma- 
tional interactions between F 0 subunits within the mem- 
brane and the catalytic nucleotide sites on the extrinsic F~ 
sector [22,23]. 
Several important observations have been made in the 
current studies. First, unlike an cx-~ crosslink [16], a 
13D380C-~/C87 crosslink in F~ does not affect rebinding of 
F~ to F 0. Second, the ",/ subunit can rotate relative to 13 
subunits in membrane-bound F0F ~ complex. This rotation 
occurs readily only under conditions for catalytic turnover. 
Third, subunit rotation in F~ is blocked when F 0 is modi- 
fied by DCCD. Taken together, these results demonstrate 
that the subunit rotation previously detected for soluble F 1 
also occurs in functionally coupled F0F 1 under ATP hydro- 
lysis conditions. This provides strong support for the idea 
that subunit rotation is part of the coupling mechanism. 
Experiments are currently under way to test for subunit 
rotation during ATP synthesis. 
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